9,10-diphenylanthracene (DPA) single crystal is a promising scintillator material for fast-neutron detection. Two centimetre-sized polymorph crystals of DPA were grown by melting and solution methods (DPA-Melt and DPA-Solution, respectively), and characterised by single-crystal X-ray diffraction, Raman spectroscopy, Fourier-transform infrared spectroscopy, fluorescence spectroscopy, UV-Vis absorbance spectroscopy, and thermogravimetric/differential scanning calorimetry. The DPA-Melt crystal possessed a P2 1 /n structure, with excitation bands at approximately 331, 348, 367, and 387 nm, and the strongest emission wavelength at approximately 454 nm. On the other hand, the DPA-Solution crystal possessed a C2/c structure, with excitation bands at approximately 335, 353, 372, and 396 nm, and the strongest emission wavelength at approximately 468 nm. The two kinds of DPA crystals have the same molecular formula but different crystal structures, crystal lattice constants, and cell parameters. The theoretical density of the DPA-Solution crystal was 1.239 g/cm 3 , while that of the DPA-Melt crystal was 1.211 g/cm 3 . The two types of crystals exhibited the same melting point, but the thermal stability of the DPA-Solution crystal is better than that of the DPA-Melt crystal.
Introduction
Neutron radiation sites often possess a large number of gamma rays. The ability to efficiently detect low levels of high-energy neutrons in a strong gamma ray background is crucial for nuclear non-proliferation and detection of illicit nuclear materials. Since fast neutrons strongly signify the presence of fissile materials, such as plutonium and highly-enriched uranium, their detection is very important [1] . Currently, fast neutrons are mainly detected using organic scintillator detectors, which are employed not only because of their high content of hydrogen that allows neutron detection via proton recoil, but also because of their ability to discriminate neutrons and gamma rays using pulse shape discrimination (PSD). In the past decades, single-crystal stilbene has proven to be the most effective material for discrimination [2] [3] [4] . However, trans-stilbene cannot be applied at higher temperature conditions due to a lower melting point (124 • C). Researchers have been working on low-cost crystal growth methods and stilbene alternatives [5] [6] [7] . Research results from the Lawrence Livermore National Laboratory of America show that 9, 10-diphenylanthracene (DPA) has a higher light yield than stilbene for heavy particles [8, 9] . Moreover, the melting point of DPA is more than 120 • C higher than that of stilbene. DPA is more stable at room temperature and can be used as a scintillator in a wider temperature range. Because DPA has excellent neutron/gamma discrimination, high light yield, fast scintillation decay, and good thermal stability, it will become a promising fast-neutron detection material once large crystals can be grown. However, research on DPA is relatively scarce; its properties have not been studied deeply, the technology of its growth is still not mature, and research on its performance is not adequately comprehensive.
Loef et al. [8, 10] have reported the luminescence spectra of DPA crystals and the time spectra of scintillation attenuation of neutrons and γ-rays. However, only one crystal obtained by the Bridgman technique has been studied in detail. Ren [11] obtained a micron-sized DPA crystal from silica gel and phenyl-modified silica gel, and explored the interaction between the gel networks and the crystal in three-dimensional space. Salzillo et al. [12] studied the properties of a micrometre-sized DPA crystal. The difference between micrometre crystals and ordinary bulk crystals is analysed by Raman and X-ray diffraction. As the structure and the properties of the crystals prepared by different methods are different, crystals with better performance can be selected only by studying the differences between them in detail. Subsequently, the application conditions more suitable for the crystals can be designed, so that the discrimination efficiency of the crystals is improved. Most of the researches currently focus on the properties of one kind of DPA, without focusing on the performance comparison between different DPA polymorphic crystals, since an investigation on DPA polymorphism would require a more systematic study. In this study, two polymorphs of DPA crystals were grown by the solution method and the melting method. The crystal structure, optical properties, and thermal properties of the two kinds of crystals were systematically studied and compared.
Experimental Methods

Growth of DPA Crystals
The DPA crystals were grown by the melt method and the solution method (hereafter referred to as DPA-Melt and DPA-Solution, respectively). DPA powder (purity >98%, Shanghai Aladdin biochemical Technology Co., Ltd., Shanghai, China) was used as the starting material without further purification. The DPA crystal was prepared by the melt method according to the following procedure: (1) DPA powders were loaded into a double-walled quartz glass ampoule (Chengdu Haihong Experimental instrument Co., Ltd., Chengdu, China); the lower end of the inner tube had a capillary of diameter 1 mm. (2) The ampoule was evacuated to 10 −3 Pa, then filled with high purity nitrogen and kept for 15 min. Subsequently, a vacuum of 10 −2 Pa was maintained. After repeating the above operation three times, the ampoule was sealed when the vacuum reached~10 −3 Pa. (3) The ampoule was placed in a vertical Bridgman furnace (Fuzhou Keres Test equipment Co., Ltd., Fuzhou, China). (4) The DPA powders were melted at~258 • C for two days. Subsequently, the ampoule was moved slowly from the top oven to the lower oven, which was at a lower temperature, at a rate of 0.3−1.2 mm/h. The resulting DPA-Melt crystal was colourless and transparent.
The solution method for the preparation of the DPA crystal is as follows: (1) A saturated solution of DPA was prepared in toluene(Tianjin Kemiou Chemical Reagent Co.,Ltd, Tianjin, China) at~56 • C in a quartz glass crystalliser(Chengdu Haihong Experimental instrument Co., Ltd., Chengdu, China).
(2) The solution was heated to a temperature a few degrees higher than the saturation temperature, following which the crystal seeds were added into the solution. (3) The temperature of the solution was reduced at a rate of 0.12 • C/h to~20 • C. The crystal was then obtained after a dozen days. The DPA-Solution crystal was light-yellow and transparent. Figure 1 shows the photographs of both the DPA crystals. 
Characterisation of DPA Crystals
Single-crystal X-ray diffraction analysis was performed with an Oxford Xcalibur Eos diffractometer (Renishaw, Wotton-under-Edge, UK) using Mo-Kα radiation (λ = 0.71073 Å). The crystal was maintained at 293(2) K during data collection. Using Olex2 [13] , the structure was solved with the XS [14] structure solution program using direct methods and refined with the ShelXL [15] refinement package using least squares minimisation. Raman spectra were recorded in the range of 2000−300 cm −1 on the surface of DPA crystals on a Renishaw inVia Raman Microscope (Renishaw, Wotton-under-Edge, UK). Raman excitation was performed using a laser tuned at 785 nm. The fluorescence spectra of the DPA crystals were recorded with an Edinburgh instruments FLSP920 fluorescence spectrometer (Edinburgh Instruments Ltd., Livingston, UK). The excitation source was a Xe lamp. The UV-Vis absorption spectra of the crystals were obtained with a Shimadzu SolidSpec-3700 UV-Vis-NIR-spectrophotometer (Shimadzu Corp., Kyoto, Japan). The partial DPA-Melt crystal and the entire DPA-Solution crystal were fixed on the sample rack with double-sided adhesive tape and then the transmission UV-Vis spectra were tested. The IR transmission spectra were recorded in the range of 2000−400 cm −1 on a Thermo fisher NICOLET 6700 Fourier-transform infrared spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). The infrared spectra were determined by solid pressing method: Cut a small piece of crystal from a big crystal, add potassium bromide powder, grind evenly and press the sheet, and then determine its infrared spectrum. Thermogravimetric (TG) and differential scanning calorimetry (DSC) data were recorded on a NETZSCH STA 449C instrument (NETZSCH-Gerätebau GmbH, Selb, Germany). The samples (~3 mg) were placed in alumina crucibles and heated from room temperature to 500 • C at a heating rate of 5 • C/min under N 2 atmosphere (30 mL/min).
Results and Discussion
Structure of DPA Crystals
The unit cells of DPA-Melt and DPA-Solution are shown in Figure 2a ,b, respectively, and their crystallographic data are presented in Table 1 . The DPA-Melt crystal possesses the P2 1 /n structure, whereas the DPA-Solution crystal possesses the C2/c structure. The structures of the DPA-Melt crystal and the DPA-Solution crystal are the same as the γ-DPA and α-DPA, respectively, reported by Salzillo et al. [12] . The results reported by Salzillo come from the test results of micron crystals. Compared with the results of Salzillo, the cell volume of γ-DPA and α-DPA crystal in this paper is smaller, the β angle and the crystal density are larger. These differences are not only related to the measurement error of the instrument, but also to the size of the crystal. The molecule has crystallographically-imposed centrosymmetry. In the DPA-Melt crystal, the full molecule constitutes the asymmetric unit, while in the DPA-Solution crystal, only half of the molecule constitutes the asymmetric unit because it is centrally symmetric. For comparison, each atom is numbered, as shown in Figure 3 . The torsion angle data of the DPA crystals is shown in Table 2 . The dihedral angle between the phenyl and the anthracene groups is 87.5−93.1 • , close to 90 • . The unit cell of the DPA-Solution crystal is smaller than that of the DPA-Melt crystal. The C1-C13 and the C14-C26 moieties of the molecule are related by centre of symmetry. The dihedral angle between the phenyl and the anthracene groups is 66.18−67.5 • . This angle is consistent with that of the DPA crystal grown in xylene [16] . The theoretical density of the DPA-Solution crystal is 1.239 g/cm 3 , while that of the DPA-Melt crystal is 1.211 g/cm 3 . The cell volume of the DPA-Melt crystal is bigger than that of the DPA-Solution crystal. The lower density of the DPA-Melt crystal may be related to the sparse arrangement of the molecules because it has a larger unit cell. Figure 4 shows the Raman spectra of the DPA crystals in the range of 2000−300 cm −1 . Figure 5 shows the typical infrared spectra of the DPA crystals in the range of 2000−400 cm −1 . The Raman spectra show very strong absorption bands at 1414 and 1294 cm −1 , which are respectively attributed to the stretching vibrations of the anthracene framework loop [17] and the CC bridge bond between the benzene rings, which is invisible in the Raman spectra of pure anthracene and benzene [17, 18] . Some moderately strong absorption bands are also observed in the Raman spectra. The absorption peaks at 1630−1350 cm −1 are attributed to the CC skeleton vibrations of phenyl and anthryl groups [19, 20] . The absorption peaks at 1120−1010 cm −1 correspond to the in-plane bending vibrations of monosubstituted benzene. These absorption peaks also exist in the Raman spectra of toluene [21] . The absorption peak at 1001 cm −1 originates from the symmetric stretching vibrations of the benzene ring. The absorption peaks at 680−660 cm −1 may be attributed to the breathing vibrations of substituted anthracycline compounds, which do not exist in the Raman spectra of anthracene and toluene [17] . The absorption peaks at wavenumbers <700 cm −1 arise from the CC deformed vibrations bending off the plane of the benzene ring and anthracycline [22] .
Analysis of Raman and IR Spectra
The Raman spectra and the infrared spectra of the two kinds of crystals are significantly different. In the Raman spectra, there is a distinct difference between DPA-Melt and DPA-Solution in the wavenumber ranges of 1200−1010 cm −1 and 490−400 cm −1 . DPA-Melt exhibits a Raman peak at 1020 cm −1 , whereas DPA-Solution exhibits a Raman peak at 1029 cm −1 . Unlike DPA-Melt, DPA-Solution also exhibits a Raman peak at 445 cm −1 . In the IR spectrum, the intensity of the absorption peak of the DPA-Melt crystal at 1494, 963, and 525 cm −1 is stronger than that of the DPA-Solution crystal.
The characteristic frequency of a group is related to the chemical environment in which the group is located in the molecule. The vibration of each group in the molecule is affected by the other groups within the molecule, and hence, the vibrational frequency of the group varies. As the crystal structure of the two crystals and the space environment of the molecules are different, the spatial conformation of the molecules is also quite different. The typical spatial structure is shown in Figure 6 . The angle between the benzene ring and the anthracene skeleton of the DPA molecule is different for DPA-Melt and DPA-Solution; from the results of single-crystal diffraction, it is~90 • in the DPA-Melt crystal, but~67 • in the DPA-Solution crystal. Owing to this difference, the ring respiration and the CH in-plane-deformed ring vibration environment of the benzene ring are different, resulting in changes in the molecular polarisability and the dipole moment. During molecular vibrations, a change in the molecular dipole moment affects the spectral peaks in the IR absorption spectrum, whereas a change in the molecular polarisability affects the intensity and the shift of the peaks in the Raman spectrum. 
Optical Properties of DPA Crystals
The UV-Vis absorption curves of the DPA crystals are shown in Figure 7 . There are four strong absorption peaks at 268, 357, 377, and 396 nm and a weak absorption peak at 429 nm for the DPA-Melt crystal, with the absorption band edge at~446 nm. On the other hand, the DPA-Solution crystal exhibits strong absorption peaks at 268, 362, 382, 403, and 438 nm, with the absorption band edge at 455 nm. The higher-intensity absorption bands of these two crystals in the range of 200−400 nm may be attributed to the π-π* transition of the corresponding aryl groups [23] , whereas the lower-intensity absorption bands in the range of 430−440 nm are attributed to the characteristic π-π* transition of the anthryl group [24] . The absorption wavelength of DPA-Solution is slightly red-shifted, compared to that of DPA-Melt. The fluorescence properties of the DPA crystals determine their potential application as a scintillator material. Figures 8 and 9 show the fluorescence excitation and emission spectra of the DPA crystals, respectively, at room temperature. The emission spectrum of the DPA-Melt crystal shows one emission broadband at approximately 455 nm, and its excitation spectra show four excitation bands at approximately 331, 348, 367, and 387 nm. For the DPA-Solution crystal, the excitation bands are at approximately 335, 353, 372, and 396 nm and there is one emission broadband at approximately 468 nm. The excitation and the emission wavelengths of the DPA crystals grown by the solution method are thus higher than those of the DPA crystals grown by the melt method. 
Analysis of Thermal Properties
The TG-DSC curves of the DPA crystals measured in N 2 atmosphere are shown in Figure 10 . The DSC curve of the DPA-Solution crystal shows a weak endothermic peak at 166.9 • C, which corresponds to the glass transition temperature (T g ) [25, 26] , while no glass transition was exhibited by the DPA-Melt crystal. The endothermic effect, with a peak at 252.4 • C in the DSC curves of both the crystals, corresponds to the melting temperature of the crystals (T m ). Both the crystals begin to melt at 250 • C and melt completely at 252.4 • C; thus, they have the same melting point. The TG curve has a small amount of weightlessness below 250 • C, which may be attributed to the sublimation of DPA. With increase in the temperature, the TGA curve shows a rapid weight loss, whereas an endothermic peak appears in the DSC curve. The endothermic peaks of the DPA-Melt crystal and the DPA-Solution crystal are at 342.4 and 352.0 • C, respectively. This indicates that the thermal stability of DPA-Solution is better than that of DPA-Melt, which is consistent with that reported by Salzillo et al. [12] . The calculation results of Salzillo show that α-DPA (the same as DPA-Solution) is the most thermodynamically stable phase in DPA polymorphs for its deepest minimum of the potential energy and also of the free energy. 
Conclusions
The spatial configuration and the arrangement of molecules influence the optical and the thermodynamic properties of DPA crystals. The DPA-Melt crystal belongs to the P2 1 /n space group, whereas the DPA-Solution crystal belongs to the C2/c one. Although the molecular composition of the two crystals is the same, the spatial conformation and the lattice parameters are different, leading to different macroscopic properties. Compared with the DPA-Melt crystal, the DPA-Solution crystal has a lower cell volume, higher density, higher thermal decomposition temperature, and exhibits a red-shift of the characteristic peak in the UV-Vis absorption and fluorescence spectra. Differences in the physical and the chemical properties of the two crystals may have an impact on their scintillation performance, thus affecting their neutron-γ discrimination ability. Preliminary studies show that the DPA-Melt crystal has a better PSD performance than the DPA-Solution crystal, and this will be discussed in detail in another paper.
